Abstract Cell-based therapies including bone-marrow derived mononuclear cells (MNCs) are now widely being studied because of their pleotropic effects and promising results to improve recovery after stroke in animal models. Unlike other types of cell therapies, MNCs is a mixture of lymphoid, myeloid, erythroid, and stem cell populations. Which cell population(s) accounts for the beneficial effects of MNCs in stroke recovery is unclear. In this paper, we employed a mouse stroke model with middle cerebral artery occlusion (MCAo), and used positively and negatively sorted autologous MNCs by MACs to determine which fractions of the MNCs contribute to their beneficial effects. We evaluated the benefits of neurofunctional recovery produced by individual cell lineages within MNCs in a long-term observation study up to 28 days after stroke. Mortality and modulation of inflammation were also compared among different sub-populations. We further studied the impact of neurotoxicity posed by activated microglia in the presence of different cell lineages within MNCs. We concluded that myeloid cell lineage and stem cell/progenitors appeared to be important components within MNCs that contribute to improved outcomes after stroke.
Introduction
After more than 1000 neuroprotection agents failed in preclinical and clinical trials to treat ischemic stroke, cell-based therapies have gathered increasing attention because of their pleotropic effects and promising results in improving recovery after stroke in pre-clinical studies [1] . As one type of cell therapy, bone marrow derived mononuclear cells (MNCs) have been shown in multiple laboratories to improve neurological deficits after ischemic stroke in animal models [2] [3] [4] [5] . Moreover, several small clinical studies have reported on the safeness of administering autologous MNCs in stroke patients [6] [7] [8] [9] [10] [11] .
Unlike many other types of cell therapy, adequate amounts of MNCs are easily isolated with simple, separate procedures within hours from a bone marrow aspiration and do not require further cell culture to match the cell quantity needed for appropriate dosing [4] [5] [6] [7] . MNCs are a mixture of lymphoid, myeloid, erythroid, and stem cell populations [5] . However, the specific cell population contributing to beneficial effects of MNCs in stroke recovery is still unclear. It may be that certain cells are beneficial while others are detrimental. A mixture of different cell types may confer a greater advantage than more purified homogenous populations but it is unknown which populations of cells within the mononuclear fraction confer benefit or harm. Thus, by removing a specific cell subpopulation from the mixture, the objective of this study was to determine which cell types are critical for the underlying benefit of MNCs to promote recovery after stroke. Isolating the differential impact of different cell populations within MNCs can further our understanding of their individual effects on stroke recovery and elucidate underlying mechanisms of MNCs for a better translational clinical trial.
Methods Animal Preparation and Middle Cerebral Artery Occlusion (MCAo)
Two hundred and ten 8-10-week-old male and six pregnant C57 BL/6 mice were used in this study. All animals were housed in pairs with free access to food and water. Subjects were maintained on a standard 12:12 h light/dark cycle. All outcome assessments and data analysis were completed with the experimenter blinded to the treatment groups. All procedures were approved by the UT-Houston Health Science Center Animal Welfare Committee.
Focal ischemia with 60 min duration in male C57 mice was induced by suture occlusion of the middle cerebral artery (MCAo). In brief, animals were anesthetized with 2 % Isoflurane in a mixture of N 2 O/O 2 (50 %/50 %). A 6-0 nylon monofilament with a heated blunt tip was introduced through the right external carotid artery and advanced to the beginning of the left middle cerebral artery (MCA). The rectal temperature was monitored and controlled at 36.5 ± 0.5°C using a feed-forward temperature controller. Cerebral perfusion was monitored with a laser Doppler flowmeter (LDF) placed over the ischemic area and was used to confirm successful occlusion and reperfusion.
Bone Marrow Harvesting and Bone Marrow Cell Processing
Twenty-two hours after stroke, the mice were anesthetized with isoflurane. An incision was made through the skin to the medial aspect of the left tibia. The periosteum was removed and the surgeon drilled a 0.5 × 0.5 mm burr hole extending into the medullary cavity. A 26 1/2 gauge hypodermic needle was inserted into the medullary cavity and connected to a heparinized syringe. Bone marrow was aspirated while rotating and moving the needle back and forth. The medullary cavity was flushed with saline and the content aspirated. The burr hole was sealed with bone wax and the skin was closed. In the saline control group, only the needle was inserted into the medullary cavity but no content was aspirated.
The cells from the bone marrow aspirate were triturated, centrifuged, and washed in PBS + 0.5 % bovine serum albumin (BSA). Cells were then suspended in Media 199 (Sigma, USA) and counted using a hemocytometer and coulter counter. The cell suspension was added on top of 5 mL FicollPaque PLUS (GE, USA) in a 15 mL conical vial and then centrifuged. The MNCs were collected, washed with PBS + 0.5 % BSA, and then counted. Cells were then suspended in sterile, iced PBS at the desired concentration before cell separation.
Cell Separation of Various Populations Within MNCs by Magnetic Assisted Cell Sorting (MACs)
We used magnetic assisted cell sorting technique (MACS, Miltenyi Biotec, USA) to separate the various cell populations from the whole MNCs. All procedures were performed as per manufacturer's protocol. Briefly, the whole MNCs at 3 × 10 7 cells/kg within a 100-μL vehicle were incubated on ice with nano-sized microbeads conjugated with primary antibody (direct magnetic labeling), or with biotinylated primary antibody first then nano-sized microbeads only (indirect magnetic labeling). The primary anti-mice antibodies were specifically used for CD90.2 + CD45R + CD49b for lymphocytes separation (Miltenyi, USA), CD11b + Ly6-G for myeloid cells separation (Miltenyi, USA), CD71 for erythoid cell lineage separation (Biolegend, USA), CD117 and Sca-1 for stem cell and progenitor cell separation (Miltenyi, USA). After the incubation, the cells were applied to a MACS Column placed in a MACS Separator. The unlabeled cells passed through (negatively selected cells) while the magnetically labeled cells were retained within the column. After the column was removed from the separator, followed by flushing and washing with iced PBS, the magnetically-labeled cells eluted from the column were selected as the positive selected specific MNC subtraction. In the whole MNCs-treated group, MNCs were not incubated with primary antibodies and microbeads but were applied to a MACS Column placed in a MACs Separator as sham magnetic cell sorting procedure.
Flow Cytometry and Characterization of the MNCs Population
We performed flow cytometry to characterize the MNCs after MACS procedures. Briefly, mice were subjected to MCAo for 60 min and 22 h later, bone marrow MNCs were collected as described above. Then, five vials with 1 × 10 6 MNCs each underwent MACS positive selection as described previously. Among them, the whole MNCs groups underwent a sham MACS procedure. Lastly, the exact number of the remaining cells after MACS was counted with the help of CountBright absolute counting beads (Life Technology) by Gallios Flow Cytometer (Beckman Coulter, USA) according to the manufacture protocol. Cell viability was assessed by exclusion of 7-amino actinomycin (7-AAD) (Biolegend, USA) according to manufacture suggestions. Briefly, 1 million MNCs were suspended in a 0.5-mL vehicle and 5 μl of 7-AAD was added. After incubation for 5-10 min in the dark, flow cytometry was performed with laser excitation at 546um. 7-AAD positive cells were regarded as dead cells. Data was analyzed with Kaluza software (Beckman Coulter, USA). The percentage of each sorted cell subpopulation number out of the whole MNCs was recorded as the characterization of MNCs (N = 6 per group).
Experiments and Experimental Groups In Vivo and Ex Vivo
& MNCs characterization: mice were subjected to MCAo and 22 h later, bone marrow MNCs were collected from each animal. After MACS sorting, the resulting population of cells was characterized by flow cytometry to determine actual cell composition (see Table 1 ). N = 6.
& The evaluation of long-term neurofunctional deficits: Mice were subjected to MCAo and 22 h later, MNCs were collected and sorted by MACS. We used both negatively and positively sorted cells in two separate experiments.
With negative selection: mice were randomly treated with: (1) 
The Dosage and Delivery Route of MNC Treatment
Whole MNCs were initially suspended at 3 × 10 7 cells/kg within 100 μL PBS in all the MNC treatment groups before MACS. After MACS, each cell population collected from the initial dosage was suspended into 100 μL saline again and injected back into the same animal via tail vein. The cells were infused at a rate of 0.2 mL/min over 5 min with the help of an auto-injection pump. The dosage was determined from our previous dosage study in the rat model [12] . We chose the higher dosage in case there was and insufficient cell number after the MACS procedure.
Behavioral Tests
Animals underwent long-term behavioral testing, which was performed by an examiner blinded to treatment allocation. Animals were pretested before MCAo and before cell administration after MCAo, and then tested on days 7, 14, 21, and 28 after stroke. The cylinder and ladder test was used to evaluate dysfunction in our model:
& Asymmetry in the use of forelimbs for postural support (cylinder test):
Mice were placed into a plexiglass cylinder and observed for asymmetry forelimb-use during vertical movements along the wall of the cylinder. The final score = (nonimpaired forelimb paw placement − impaired forelimb paw placement)/(nonimpaired forelimb paw placement + impaired forelimb paw placement + both forelimb paw placement). A total of 20 movements were recorded up to a maximum of 10 min.
& Ladder rung test:
Mice were videotaped walking across a horizontal ladder. The ladder rung apparatus was composed of an elevated horizontal ladder (80 cm long and 12 cm in elevation). The ladder had evenly spaced rungs, 1 mm in diameter, and evenly spaced with 15-cm-tall plexiglass sides. For each trial, the mouse was placed on one end of the ladder and videotaped walking across. The percent error (total faults/total steps) on the impaired side was scored.
Brain Atrophy Measurement
Twenty-eight days after stroke, mice were anesthetized and intra-cardially perfused with ice-cold PBS, followed by icecold 4 % paraformaldehyde (PFA) in PBS and decapitated. Brains were harvested, post-fixed in 4 % PFA in PBS for 24 h, immersed in 20 % sucrose for 2 days, and divided into six coronal sections (1.2 mm for each). Coronal 20-μm frozen sections from each section were stained with cresyl violet. As we reported previously, brain loss of the ipsilateral chronic infarct was measured using the indirect method and expressed as a percentage of the contralateral hemisphere by a researcher blinded to treatment groups: brain loss (percentage) = (the volume of contra-lateral hemisphere − ipsilateral hemisphere)/the volume of contra-lateral hemisphere × 100 %.
Serum Cytokine Measurements
We measured serum cytokines with a Multiplex assay kit with Luminex (Millipore, USA). Three days post stroke, animals from each experimental group were sacrificed, the peripheral blood was collected, and the serum was prepared for the assay. All measurements were performed as per the manufacturer's protocol with MAGPIX (Millipore, USA).
Cell Culture and Neurotoxicity Assay
& Neuronal co-culture model with microglia: Neurons and microglia were isolated from post-natal day 1 mice pups as previously reported, respectively [13] . Neurons were seeded in a 24-well plate at 1 × 10 5 with B27 based neuron culture medium and cultured for 9 days. Microglia were seeded on German glass and then activated by oxygen glucose deprivation for 4 h. German glass containing microglia was added by placing it on the top of neurons [14] with a 1:10 ratio to neuronal cultures with DMEM + 10 % FBS. Neurons without microglia served as a control group. Twenty-four hours later, the German glass with microglia was removed. The cells in the well were fixed by 10 % Formalin first. After washing, the primary antibody anti-mouse NeuN (Millipore, USA) at 1:100 was added in and incubated overnight at 4°C, followed by a secondary antibody of Alex Fluor 488 (Invitrogen, USA). NeuN positive neurons were counted under fluorescence microscopy. Neuronal survival rate was calculated as neuron number in the presence of microglia/number of neurons without microglia × 100 %. & MNCs effects in co-culture model: Whole MNCs and specific cell-subtype depleted MNCs groups (as described previously) were added to microglia-neuron co-cultures, described above. For the group that contained whole MNCs, the ratio of MNCs to microglia was 1:1. The cell-subtype depleted MNC groups contained the same number of remaining cells, MNCs after MACS from the same number of whole MNCs. The neurons were counted and the cell survival rate was measured. 
Results

MNCs is a Mixture of Various Cell Subpopulation in a Mouse MCAo Model
We used 7-ADD to assess the viability of whole MNCs and cell lineages within MNCs after MACS selection. The viability was approximately 93 % in all groups. After a sham MACS run (no antibody), there was 8.11 ± 1.68 × 10 5 cells left from the initial 1 × 10 6 whole MNCs, suggesting an approximately 20 % cell loss due to the sorting procedure. The characterization of major cell lineages within MNCs is provided in Table 1 .
Mortality After MCAo and MNCs Treatment
Mortality was as high as 50 % in our MCAo model with the majority of the mortality occurring within the first 3 days after stroke. Mortality rates were not significantly different for any of the experimental groups in the first days after MCAo and treatment (data not shown). Between 3 and 28 days after stroke, there was no mortality among the remaining groups except for mice treated with MNCs that were depleted of myeloid cells; these mice had a100% mortality rate within 9 days after MCAo.
Individual Cell Lineages With MNCs Showed Different Effects on Stroke Recovery
We first depleted MNCs of specific cell populations and then injected the remaining cell mixtures at 24 hrs after stroke to test for their therapeutic effect. Compared to the saline group, animals treated with whole MNCs showed significant improvement on both the cylinder and ladder rung tests at 28 days after stroke (p < 0.05) (Fig. 1) . When the lymphoid or erythroid cell lineages were removed, the remaining cells also significantly improved neurological outcome at 28 days after stroke, compared to the saline group, respectively (p < 0.05). When the stem and progenitor cell populations were removed, the remaining cells did not significantly change neurological outcome on ladder rung and cylinder (Fig. 1a, b ) tests compared to saline controls. Unexpectedly, in the animal group treated with MNCs depleted of myeloid cells, all animals died in the first 9 days after stroke. After sacrifice at day 28 after stroke, we found that in animals treated with whole MNCs or MNCs depleted of lymphocytes or erythroid cells, there was a significant reduction in brain atrophy compared to the saline group. When the stem cell and progenitor cell (6) MNCs with stem cell and progenitor cell depletion. Line diagrams illustrating evaluation on the cylinder-(a) and ladder-run (b) tests up to 28 days after stroke. Data are mean ± SD; N = 12 per group initially but only six survived to the end of observation and all mice with myeloid cell depleted MNCs died within 9 days after stroke. *P < 0.05, compared with saline controls. The bar graph (c) exhibiting significantly reduced cerebral atrophy among the same experimental groups at 28 days after stroke. Data are mean ± SD. N = 6 per group. *P < 0.05 compared with saline controls populations were removed, the remaining MNC fraction did not have an effect on atrophy compared with saline treatment (Fig 1c) .
Different Cell Subpopulations Showed Different Effects on Modulating the Acute Inflammatory Response
Given that certain subpopulations within MNCs are important for their therapeutic effects on stroke recovery form the experiments above, and inflammatory pathways are possible targets of MNCs [15] , we examined the reactions of different MNC subpopulations obtained by positive selection on the inflammatory response after stroke. We chose day 3 after stroke as the primary endpoint to allow for inclusion of the group depleted of the myeloid fraction. At day 3 post-stroke, the peripheral blood was collected and serum cytokine levels were measured. Whole MNCs and MNCs depleted of erythroid cells significantly decreased serum IL-1β and IL-6 levels and significantly increased serum IL-10 levels (p < 0.05). MNCs depleted of other cell lineages showed different results: MNCs depleted of lymphoid cells increased IL-1β and increased IL-10, while MNCs depleted of myeloid cells increased IL-1β but did not increase IL-10. Whole MNCs and MNCs depleted of erythroid or stem cell and progenitors also significantly increased IFN-γ levels but neither MNCs depleted of lymphoid nor MNCs depleted of myeloid cells caused changes to IFN-γ levels, compared to saline treatment group. (Fig. 2) .
Different Cell Subpopulation Showed Different Neuroprotective Results Against Neurotoxicity Caused by Activated Microglia
Based on the experiments above, the depletion of different cell lineages leads to different effects on the inflammatory response after stroke. However, we still could not understand why the myeloid depleted MNCs resulted in exacerbation of outcome. We previously reported that MNCs could protect neurons by alleviating microglia's neurotoxicity [16] . Thus, we conducted another experiment to determine whether MNCs without certain cell populations would lose their neuroprotective effect. We confirmed that activated microglia are neurotoxic in a microglia-neuron co-culture model, and the whole MNCs significantly improved neurons survival rates. With MNCs depleted of myeloid cells, these neuroprotective effects were completely abolished while depletion of other cells lineage had no difference compared with the effects of whole MNCs (Fig. 3) .
Single Cell Lineages Within MNCs at one Dose did not Improve Recovery After Stroke
Since we found that various cell subpopulations of MNCs exert different effects on recovery after stroke, we administered single cell lineage populations obtained through positive selection. Unexpectedly, in each cell lineage treatment group obtained from the same dosage of the whole MNCs, we did not observe any significant neurological improvement on either of the two behavior tests up to 28 days after stroke, compared to the saline group. (Fig. 4a, b) . The similar absence of effect was found in the evaluation of brain atrophy. The whole MNCs significantly reduced brain tissue loss compared to the saline controls (p < 0.05). However, in the other groups treated with the specific cell population, we did not find any difference in brain tissue loss compared to the saline control (Fig. 4c) .
Discussion
Among various types of cell-based therapies for stroke, the application of autologous bone marrow derived Fig. 2 Serum cytokine measurements from animals treated with MNCs and MNCs depleted of specific subpopulations of cells administered at 24 h after stroke. Cytokines were measured at 3 days after stroke from each group. Data are mean ± SD. N = 8-10 per group initially and N = 6 per group for the end assay. *P < 0.05 compared with saline controls mononuclear cells has been one of the most extensively studied for a range of CNS disorders [5, [17] [18] [19] [20] . Herein, we sought to determine if there are specific subpopulations of cells within the mononuclear fraction that preferentially account for the seemingly beneficial effects of MNCs in rodent stroke. To address this question, we developed a mouse stroke model to mimic some of the clinical conditions of ischemic stroke. The mice underwent a bone marrow aspiration after stroke then treated in an autologous manner with different components of the bone marrow MNC fraction. We began our studies by depleting cell populations representing different fractions of MNCs to determine the effects of their removal on functional and histological outcomes after stroke.
There have been few published studies using mice models examining the effects of MNCs in stroke [21, 22] . Nearly all of the rodent literature on MNCs in stroke has been conducted in rats. One study has shown that labeled MNCs administered intravenously migrate to the site of infarction in a mouse stroke model [22] . We now add that autologous MNCs improve long term functional and histological outcomes in mice after stroke. Mouse models expand opportunities to conduct mechanistic studies to better elucidate the biochemical pathways of MNCs in stroke recovery. However, using this model, we encountered an approximate 50 % mortality rate. Death occurred in the majority of cases in the first 3 days after stroke. The mortality could be explained by the severity of the ischemic insult in combination with the multiple surgical procedures under isoflurane anesthesia in the first two days. It is reported that repeated or long-term use of isoflurane may increase neurotoxicity [23, 24] . Conversely, we did not observe a similar mortality in our rat models and neither have other groups using sheep that underwent similar surgical procedures for MCAo and MNCs collection and infusion [5, 25, 26] . Larger animal models might be more tolerant of repeated anesthesia for these types of studies. The underlying causes for mortality should be further explored.
We found that in our mouse model, around 30 % of MNCs are lymphoid cells and that they were not essential to the therapeutic effects of MNCs as their removal did not change histological or functional outcomes compared with whole MNC treatment. We found similar results for the erythroid population. Thus, based on our findings, neither lymphoid or erythroid cells appear to be critical cell populations underlying the benefit of MNCs. Depletion of the myeloid fraction, however, led to surprising results. Treatment with MNCs without the myeloid fraction led to 100 % mortality within first 9 days. One explanation may be that the removal of myeloid cells creates an environment in which the other cell populations exert a detrimental effect. In a study of human umbilical cord blood (HUCB) mononuclear cells, Wombla et al reported that HUCB monocytes are essential for reducing infarct volume and promoting functional recovery in a rat stroke model [27] . Therefore, it is possible that the monocytes within the myeloid fraction are important cell types that we will need to investigate in more details in future studies. Lastly, animals given MNCs that were depleted of the stem and progenitor cell population provided no functional benefit. Conclusively, our findings suggest that stem cells within MNCs are another important component that underlies the potential benefits of MNCs in a mouse stroke model.
To better understand why certain subpopulations of cells within the MNCs exert differential effects on stroke recovery, we examined the inflammatory response after stroke. We have reported that MNCs decrease serum and brain homogenate pro-inflammatory cytokines and increase anti-inflammatory cytokines in rats [25] . In the present study, we observed similar changes in that MNCs reduced IL-1β while increasing IL-10. However, when certain cell lineages were removed from MNCs, the synergetic effect of decreasing pro-inflammatory cytokines and increasing anti-inflammatory cytokines changed. The one population that had consistent effects on changes in cytokines is the myeloid fraction. Depletion of the myeloid cells prevents the increase in IL-10 and the decrease in IL-1β as well as IL-6. Furthermore, sustained tissue protection was observed at 28 days in animals treated with MNCs but not MNCs depleted with stem cells. These findings support the hypothesis that both myeloid cells and stem cell populations may be important cell types that reduce inflammation and subsequent infarct maturation.
Microglia are associated with brain inflammatory responses as well as tissue repair after stroke [28, 29] . In the present study, we found OGD-activated microglia significantly reduced neuronal survival in a neuron-microglia co-cultured model. When whole MNCs were added, the deleterious effect of microglia on neuron survival was reduced. However, the beneficial effect on MNCs was lost following the depletion of myeloid cells. This suggests an important role for the myeloid population in the neuroprotective effects of MNCs against activated microglia-mediated neurotoxicity. These results could partially account for the high mortality after stroke in animals treated with myeloid depleted MNCs.
Our study suggests that myeloid cells and stem/progenitor cells may provide most of the biological input toward the therapeutic effects of MNCs in post-stroke recovery. However, one of the limitations of this interpretation is that we tested only one dose of cells for each of the cellular subpopulation. It is possible that a higher dose of lymphoid or erythroid cells is needed to demonstrate biological effect. Another limitation of this study is that when using positively selected cells, we used MACs to sort the individual cell lineage within MNCs thus generating antibody-conjugated cells for treatment of animals. With this, we could not exclude the possibility that cells with conjugated antibody or microbeads would lose their bioactivities or be recognized as opsonized and eliminated by blood or tissue phagocytes.
We believe that the interactions among various cell subpopulations within MNCs are important for their optimal effect in improving post-stroke recovery. Ultimately, future studies will need to focus around identifying which myeloid cell types are critical to the beneficial effects of MNCs. We also seek to identify which stem and progenitor cells are important. More precise and single cell lineage studies are needed to better understand the mechanisms of MNCs.
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